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NiCo20 4/C Nanoc~mposite as-a.Highly Reversible Anode 
Material for Lithium-Ion Batteries · · · 
. . . 
Yamia NuLi,a,b,z Peng Zhang,b Zaiping Guo,b,zHuakim Liu,b,~ and JunYanga•* 
- l . . 
a Department of Chemical Engineering: ShanghaiJiaoTong Univer;ity, Shanghai 200240, China . 
. blnstitute for Superconducting and Electronic Materials, University of. Wollongong, Wollongong, New South 
· Wales 2522, Australia · · · 
A NiCoz<J4/C nimocomposite has been synthesized by a hydrothermal method followed by a calcin~tion. X-ray powder diffraction 
and transmission electron microscopymeasurement; demonstrat~d the composite was composed of crystalline NiCo20 4 and 
amorphous carbon, and NiCo204 and carbon particles amalgamated together with good affinity. The electrochemical results 
showed as high as 914.5 mAh/g reversible capacity could be achieved at 40 mA/g current density in the potential range of 
0.01-3.0 V. The initial coulombic.efficiency of the composite was 79.2%, and the capacity retention was 78.3% up to 50 cycles:· 
.The superior electrochemical performance indicated that the NiCo204/C nanocomposite might be a promising alternative to 
conventional graphite-b'ased anode materials for lithium-ion batteries;' · · · · 
© 2008 The Elec~ochemical Society. [DOl: 10.1149/1.286122~] All rights reserved. 
Manuscript submitted November .14, 2007; revised manuscript received Jaimary,9, 2008. Available electronically March 3, 2008 .. · 
During the past decade; research on anode materials for lithium-
ion batteries· mainly focused on searching for carbon alternatives 
.. with larger capacities and better cycling performances.1•2 Conver-
sion reactions have opened a new line of research in the field. of 
electrode materials for Li-ion batteries. It was found that transition-
metal oxides (MO, where M is Co, Ni, Cu, or Fe) can be reduced to 
their metal state and then be 'reoxidized, providing a large reversible 
· capacity (700 mAhlg), good.cycling performance, andhigh recharge 
rates.3 The reaction mechanism of these metal oxides by lithiu.m 
.involved the reversible reduction and oxidation of metal (M) nano-
sized particles dispersed into a lithia matrix (Li20), followed by the. 
formation/decomposition. of a solid electrolyte interfa~e (SEI). It 
was found that the electrochemical properties of the electrodes were 
related to factors such as the' large· change in volume, the serious . 
aggregation or pulverization of• active p~icles during charje-
discharge, and poor conductivity of the transition metal oxides. In 
previous . work, it has further been proposed· that· mixed transition 
metal oxides such as NiCo204,5 NiFe20 4,6 and CoFe20 4,7:9 can 
react reversibly with larger amounts of lithium and the preparation 
methods have a crucial effect on electrochemical performance in 
long-term cyding.7 . . • ... 
Due to its relatively high electrical conductivity and infrared 
transparency, NiCo20 4 has been developed ;as an alternative ·elec-· 
. trode material for supercapacitors 10"12 and used as a heterogeneous 
optical recording media. 13 Moreover, the electrochemical properties 
' have been studied widely in alkaline medium for the oxygen evoJuc 
tion reaction: The preparation · methods include thermal 
decomposition, 5•14 · solution deposition, 15 combinatorial sputtering 
deposition, 16 single-target sputter deposition, 16 and hydroxide 
coprecipitation, 17 etc. · . . 
. It is well knownthat hydrothermal synthesis has been shown to 
be advantageous over other methods in homogene9us nucleation and 
grain growth.18Iq the work reported here, we describe an easy route' 
to isochronously synthesi~e NiCo20 4/C nilltocompositevia a low-· 
temperature hydrothermal method followed by calcination, using 
poly( ethylene glycol) as the carbon source. NiCo20 4 was combined ·. 
with nearly 8Li and exhibited a high discharge capacity,5 and carbon, 
was introduced to· suppress the aggregation of the metal oxide and 
increase. conductivity. The composite displays outstanding electro-· 
chemical activity, with 79.2% initiaL coulombic efficiency, 914.5 
mAhlg reversible capacity, and 78.3% capacity retention upori 50 
cycles at 40 mA/g. As far as we know, it is the first report about the· 
composite· as an anode material for lithium-ion batteries. 
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Experimental 
'Preparation of NiCo20 4/Ccomposite.-All the. ch<:mical re-
agents were analytically pure and used without further purification. 
In a typical experimental procedure, polyethylene glycol (PEG-600, 
· Aldrich) · was dissolved in methanol to 2 . M ::solution. 
· Ni(N03h·6H20 (1 M) andCo(N03)z·6H20 (1 M) aqueous solu-
tion with a 1:2.Coin p10lar ratio was added dropwise into equiva~ 
lent molar number PEG-600 solution under continuous stirring at' 
room temperature to obtain a homogeneous precursor solution. A 
stoichiometric proportion of the precursor and NaOH (4 M). was 
added under stirring to a 15 · mL Teflon-Iined autoclave and filled 
one-half by volume. The autoclave was sealed and heated at 160°C 
for 24 h and then cooled naturally. The resulting product was sepa-
rated by ce~trifugation, washed with .ethanol and distilled water to · 
ensure 1 total removal of the inorganic .ions, and then dried u~der 
vacuum at 80°C for 4 has the intermediate product.' After that, the, 
intermediate productwas calcinated at 300°C, for 2 Ii. in argon. 
Sample characterizations::_ X-ray powder diffraction. analysis 
":'was conducted on a Philips 1730 X-ray diffractometer (XRD) using 
·. Cu Ka radiation. (A: = 1.54056 A) witl128 ranging from 10 to 80° 
to analyze the structure of the expected product. A JEOL 2011 200 
Ke V transmission . electron microscope (TEM) with energy-
dispersive spectroscopy (EDS) and EDS Xcray mapping .was em-
. ployed to examine the. morphology and analyze the product ele-
ments. .• · · · · ' · · · ,: · · . 
Electrodes were\ prepared by drying the slurry of70 wt % active ; 
· materiitl, 15 wt % carborr:black, and 15 .wt% polyvinylidene fluoc ·· 
ride dissolved in N-methyl-2-pyrrolidinone on a copper foil ( 1 . cm2) 
. at 100°C for 4 h u~der vacuum. Electrocheliucal beh~vior of the test 
materials· was examined via CR2025 coin cells with l~thiummetal . 
counter electrode, Celgard 2700 membrane separator, and 1 M 
LiPF6 electrolyte dissolved in a mixture of ethylene carbonate and : 
dimethyl carbonat~ with a ,1:1 weight ratio. The cells were· as-
sembled in an.argon-filled glove box (Mbraun, Unilab,, Gei-many). 
The galvanostatic charge~ischarge measurements:were conducted 
at ambient temperature on a multichannel battery cyder with a cut-
off voltage of 0.01/3.0 V vs LifLi+ imder a current density o(40 
mA/g: Cyclic voltammetry (CV) measurements of the electrode 
were performed on a CHI Electrochemical Workstation'(CHI Instru-
ments) with a scan rate' of 1 mV/s between 0.01 and 3.0 V vs Li/Li+. · 
Results· and. Discussion 
The XRD pattern of the as-synthesized powder is shown in Fig.· 
1. The diffraction peaks at 31.27, 36.26, 44.19, 59.35, 65.23, and 
· 76.70° can be indexed as the (220), (311), (400), (511), (440), and 
(622) crystal plimes of the spine! structure' ofNiCo20 4 (JCPDSNo. 
73:,-1702), respectively. There was no diffraction peak corresponding 
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Figure 1. XRD pattern of as-prepared NiCo20 4/C nanocomposite. 
to another Ni- or eo-containing compound, indicating the formation 
of a single-phase NiCo20 4. The broad diffraction peak at about 24° 
corresponds to the amorphous carbon. The result indicates the prod-
uct is a composite composed of NiCo20 4 and carbon. 
Figure 2 shows the TEM images of the as-synthesized 
NiCo20 4 /C composite with different magnification. It can be clearly 
seen that fine particles with particle size of I 0-20 nm are distributed 
in a brighter matrix (Fig. 2a). Based on EDS analysis, it is found that 
the fine particles which appear dark are NiCo20 4 , while the brighter 
matrix is carbon. Figures 2b and c present higher magnification 
images. It can be observed that the NiCo20 4 particles are mainly 
located in the inner region, while a small amount of NiCo20 4 par-
ticles are embedded in the brighter matrix. The results suggest that 
the NiCo20 4 particles are surrounded by a thin layer of amorphous 
carbon or are embedded in the amorphous carbon. It is reasonable to 
believe that NiCo20 4 particles have completely amalgamated with 
carbon particles and there is good interface affinity between them. 
Selected area electron diffraction (SAED) in the inset of Fig. 2c 
consisted of spots and diffused hales, suggesting that crystalline 
NiCo20 4 particles coexist within the amorphous carbon matrix, 
which is consistent with the XRD result. 
The detailed elemental distribution was evaluated to investigate 
the elemental distribution in the composite. Figure 3a is a TEM 
image, Fig. 3b-e shows the corresponding EDS mapping for Ni, Co, 
0, and C elements, respectively. The bright spots con·espond to the 
presence of each element. It is obvious that the distribution of car-
bon in the composite is homogeneous. The representative EDS 
analysis (Fig. 3f) reveals that the content of Ni and Co is 12.60 and 
25.85 mol %, respectively, close to the stoichimetric molar ratio of 
I :2 in the spinel. The carbon content in the composite is as high as 
14.68 mol %. 
Figure 4 shows the CV curves of the NiCo20 4 /C nanocomposite 
electrode cycled between 0.0 l and 3.0 V at a sweep rate of I m V /s. 
During the first cycle, a reduction peak appears at about 0.62 V, 
which can be attributed to the decomposition of NiCo20 4 into Ni 
and Co, and the formation of amorphous Li20 and the SEI.
5 More-
over, the two oxidation peaks located at about 1.74 and 2.33 V can 
be attributed to the reverse process where metals are reoxidized to 
oxides and Li20 decomposes.
5 In the subsequent cycle, the oxida-
tion peaks keep the potential, although the reduction peak becomes 
broad and shifts up to around 0.83 V. The peak intensity remains 
almost steady after decreasing during the first several cycles. 
Figure 5 shows the charge/discharge curves of NiCo20 4 /C nano-
composite electrode cycled between 0.0 l and 3.0 vs Li /Li+ at 40 
mA/g. In the first discharge process, the potential rapidly falls and 
reaches a long voltage plateau at around 1.02 V, followed by a 
gradual decrease to 0.01 V, and 1154.2 mAh/g initial discharge ca-
pacity can be obtained. The first charge process exhibits a higher and 
Figure 2. TEM images of an as-prepared NiCo20 4/C nanocomposite with 
different magnification. The inset is the corresponding SAED pattern. 
sloping voltage profile, with two unconspicuous plateaus and less 
capacity of 914.5 mAh/g with 79.2% initial coulombic efficiency. 
The irreversible capacity occurring during the first cycle can be 
attributed to the decomposition of both the SEI and Li20. In the 
subsequent cycles, the large irreversible capacity is not observed. 
The voltage plateau appears at a higher voltage of about 1.1 V, the 
amplitude of the plateau reduces in the discharge process, and a high 
reversible capacity of 958.4 mAh/g can be achieved. 
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Figure 3. (Color online) A TEM image (a) and corresponding EDS mapping for Ni (b), Co (c), 0 (d), and C (e) elements and the corresponding EDS 
spectrum (f). 
Figure 6 presents the cycling behavior of the NiCo20 4 /C nano-
composite electrode. The capacity can be maintained at 715.8 
mAh/g after 50 cycles, which is about 78.3% of the reversible ca-
pacity. There is no serious capacity fading, suggesting that no ob-
servable structural degradation takes place during repeated cycling. 
Compared with those of NiCo20 4 electrodes reported in literature,
5 
the capacity retention and the initial coulombic efficiency of the 
NiCo20 4 /C nanocomposite prepared in this work are better. The 
excellent electrochemical performance of the composite could be 
attributed to the complete amalgamation of NiCo20 4 particles and 
I 
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_ . . . ..Conclusions .. ·: · .· ·•· . .··· 
.. . In .summary, NiCo20 4/C n~nocomposite' was successfully pre-
pared by'a convenient hydrothermalmethod ·followed by a simple 
· calCination process:Urider 40 mA/g current density; 958:4 mAhlg 
. reversible capacity can be obtained and the capacity retention. was -" 
.78.3% .. after 50 cycles: It was noted that the initial coulombic effi- · 
ciency canieach as high as 79.2%. The excellent electroi:hemical 
performance of the NiCo20 4/C.nanoc6mposite could be mainly at~ 
tributed to': the .high distribution· of .NiCo20 4 ·partiCles' within the ·,. ' 
carbon matrix and a good interface affinity between the. NiCo20 4 . 
and carbon particles, which resulted fr?m the in situ preparation of 
NiCo20 4 and carbon. Carbon in the nanocoinposites provided a 
good conductive matrix, which not only kept the integrity, but also 
' decreased the polarization of the 'anode, thus 'enhancing the capacity 
· retention of the e!ectr()de~ . < . ·. i • • . . . , · · ' 
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